The term matrisome refers to the ensemble of proteins constituting the extracellular matrix (ECM) (core matrisome) as well as the proteins associated with the ECM. Every organ has an ECM with a unique composition that not only provides the support and anchorage for cells, but also controls fundamental cellular processes as diverse as differentiation, survival, proliferation, and polarity. The current knowledge of the matrisome of small brain vessels is reviewed with a focus on the basement membrane (BM), a specialized form of ECM located at the interface between endothelial cells, contractile cells (smooth muscle cells and pericytes), and astrocyte endfeet-a very strategic location in the communication pathway between the cerebral microcirculation and astrocytes. We discuss some of the most recent genetic data and relevant findings from experimental models of nonamyloid cerebral small vessel disease (SVD). We propose the concept that perturbations of the cerebrovascular matrisome is a convergent pathologic pathway in monogenic forms of SVD, and is likely relevant to the sporadic disease.
Introduction
Non-amyloid cerebral small vessel disease (cSVD) is a heterogeneous group of disorders that refers collectively to the pathologic processes that affect the structure and function of small intracerebral vessels. The salient consequences of nonamyloid cSVD are small, deep infarctions or hemorrhages in the white and/or deep gray matter, and the development of widespread white-matter lesions. Cerebral SVD accounts for $25% to 30% of strokes, and ample evidence now exists that it is a leading cause of cognitive decline and disability in adults. 1 Cerebral SVD is a mostly sporadic disease that appears to be driven by a complex mix of genetic and environmental factors, among which age and arterial hypertension are currently deemed the most important. However, during the past 20 years, rare Mendelian forms of cSVD, largely indistinguishable from sporadic SVD, have been characterized and the genes responsible for causing them have been identified, propelling an unprecedented leap forward in the effort to unravel the pathogenesis of these related diseases. To date, highly penetrant mutations in six distinct genes have been linked to familial cSVD, namely NOTCH3, COL4A1, COL4A2, HTRA1, TREX1, and FOXC1. 2, 3 These genetic findings led us to ask whether the genes associated with familial forms of cSVD represent distinct mechanisms for producing the cSVD phenotype or instead ultimately converge on a common pathologic pathway that might also be relevant to the sporadic disease.
The extracellular matrix (ECM) consists of a complex meshwork of highly crosslinked proteins that constitutes a fundamental component of the cellular microenvironment. The ECM proteins bind to cellsurface adhesion receptors, including the integrins, evoking intracellular transduction responses. 4 They also have the ability to bind and regulate the distribution, activation, and presentation of a myriad of growth and secretory factors to cells. 5 Hence, the ECM provides much more than support and anchorage for the cell; it also has crucial roles in the differentiation, survival, proliferation, polarity, and migration of cells.
Here, we review our current understanding of the ECM in general and in the context of cerebral blood vessels in particular, and critically examine the contribution of cerebrovascular ECM alterations in nonamyloid cSVD.
The extracellular matrix: The core matrisome and matrisome-associated proteins
What Is the Matrisome?
The name 'matrisome' has been coined to designate the ensemble of proteins constituting the ECM (core matrisome) plus the proteins associated with the ECM (matrisome-associated proteins). 6 The ECM proteins classically contain repeats of a characteristic set of domains (e.g., EGF-like, fibronectin, laminin, and collagen triple helix repeat) that are highly conserved among different species, in both sequence and arrangement. 7 Using this feature, Hynes and coworkers recently developed a bioinformatics approach that they used in combination with manual annotation to define a comprehensive repertoire of genes encoding the matrisome in murine and human genomes. 6 
Matrisome Categories
The core matrisome comprises 44 collagen subunits, 36 proteoglycans, and about 200 glycoproteins in humans and mice ( Figure 1) . Collagens, the main structural proteins of the ECM, are classified into fibrillar (collagens I to III, V, and XI) and nonfibrillar forms. Collagen subunits are characterized by a unique sequence stretch in which every third amino acid is a glycine (Gly-X-Y motif), and the structural hallmark of all collagens is their triple helix. 8 Proteoglycans are glycoproteins containing attached glycosaminoglycans, which represent a significant fraction of the total mass. Proteoglycans fill the extracellular interstitial space and provide hydration by sequestering water within the tissue; they are also involved in binding many secreted factors, including growth factors, and sequestering them in the ECM. 9 Glycoproteins include a myriad of proteins with various functions; among these, laminins, fibrillins, fibronectin, and vitronectin have been extensively studied in the context of normal physiology or pathology. [10] [11] [12] [13] The matrisome-associated protein category comprises almost 800 proteins divided into three categories: (1) secreted factors, including growth factors, that are bound to the ECM; (2) ECM regulators, consisting of enzymes and other proteins that modify the ECM; and (3) ECM-affiliated proteins, which either are known to be associated with ECM proteins or share some architectural similarities with ECM proteins (Figure 1 ). 6 The ECM acts as a sink or a reservoir for almost 350 secreted factors, which bind either to glycosaminoglycans, especially heparan sulfates, or to specific domains of proteins of the core matrisome. 14 Among these factors are cytokines and many of the major regulator of physiologic angiogenesis, such as vascular endothelial growth factor, platelet-derived growth factor, fibroblast growth factor, and bone morphogenic proteins, among others. 15 The second category, comprising 250 to 300 proteins, includes modifiers of ECM structure and function, such as lysyl hydroxylase and lysyloxidase, which crosslink collagens, matrix metalloproteases (MMPs), HTRA serine proteases, and many other proteolytic enzymes, as well as regulators of these modifiers, including members of the tissue inhibitor of metalloproteinases (TIMP) family. 16 The third category defines a heterogeneous set of about 170 ECM-affiliated proteins, considered ECM associated by some researchers, that includes annexins, complement components, lectins, and semaphorins, among others. In contrast with the core matrisome, the matrisome-associated category is less firmly established, and the list of these proteins can be expected to change with subsequent experimental analyses. 17 
Key Features
In vivo characterization of the matrisome from a given tissue or cell line is challenging because of the peculiar physical properties of ECM proteins. Specifically, these proteins generally have high molecular weights, are difficult to solubilize, and carry extensive posttranslational modifications. Moreover, the presence of highly abundant cytoplasmic and mitochondrial proteins, which are easily solubilized, can hamper the detection of ECM proteins that may be present at comparatively low relative abundance. Recent proteomic profiling of ECMs in lung, liver, and colon revealed that each of these tissues contained about 100 to 150 ECM proteins. 18 
The matrisome of cerebral blood vessels
The circle of Willis gives rise to three pairs of main arteries, which divide into progressively smaller arteries that run on the surface of the brain. These pial arteries branch extensively into smaller arterioles, eventually penetrating into the brain parenchyma and ultimately terminating as an extensive capillary network. Blood is then drained through venules and veins back into dural venous sinuses at the surface. 19 
An Histologic View
The ECM matrix of cerebral blood vessels differs with regard to the type, location within the vessel tree, and diameter of blood vessels. Pial arteries lie within the subarachnoid spaces on top of brain tissue and are covered with the pia matter. Unlike systemic arteries, these arteries are characterized by a well-developed internal elastica lamina (which separates the endothelium from the tunica media) but no external elastica lamina, a paucity of elastic fibers in the media and a very thin adventitia (Figures 2A and 2B ). 20 Distinct basement membranes (BMs) cover the basal aspect of endothelial cells, facing the elastic lamina, and encircle smooth muscle cells (SMCs). The inner layer of the pia matter is anchored to the cortex via the glia limitans superficialis, which seals the entire surface of the brain. The glia limitans is composed of a meshwork of astrocyte processes covered by an outer BM that makes intimate contact with cells of the pia mater. 21 As blood vessels dip into the brain, they carry with them the extensions of the pia matter, forming a cuff around the vessel. They are separated from the parenchyma by the glia limitans perivascularis, which has a structure nearly identical to that of the glia limitans superficialis ( Figure 2A ). The Virchow-Robin space containing pial processes corresponds to the perivascular space between the smooth muscle BM and the glial limitans. As the arteriole penetrates deeper into the parenchyma and morphs into the parenchymal arteriole, the elastica lamina becomes more and more discontinuous and the pial investment disappears; notably, the vascular and glial BMs fuse and the Virchow-Robin space disappears. 22, 23 At the capillary level, one-third of the circumference of the endothelial tube surface is covered by pericytes, and both cell types are wrapped by astroglial endfeet. 24 Notably, there is a single, but composite, continuous BM, produced by endothelial cells, astrocytes, and possibly pericytes, that covers the basal aspect of endothelial cells and enwraps the pericytes ( Figure 2C ). 23 The ECM structure of venules and veins is similar to that of arterioles and arteries at the same location, although the SMC coat and elastica lamina of venules and veins are discontinuous and much thinner. 20, 22 
A Proteomic View
Two separate studies have analyzed the proteome of murine pial arteries and brain microvessels. The pial arteries used in the former study included arteries of the circle of Willis and their ramifications, surgically removed from the pia mater. 25 In the latter study, brain microvessels were isolated from the mouse cortex using low speed centrifugation in a Ficoll gradient, and lysates were subsequently processed by depleting cytosolic proteins. 26 Employing the commonly used gene ontology categories, 79 out of 2,188 proteins (identified by at least two distinct peptides) in the pial arteries were classified as ECM proteins, and only 27 out of 1,472 proteins (identified with a mean spectral count greater than 5) were so classified in the brain microvessels. As discussed recently by Hynes and colleagues, 17 gene ontology categories are inadequate for extracting a complete list of ECM proteins from a data set. Therefore, we reanalyzed these two data sets using the matrisome repertoire defined by Hynes and colleagues. 6 Consistent with the notion that every tissue contains about 100 to 150 ECM proteins, we found 150 ECM proteins in the pial artery data set, including 91 core matrisome proteins and 59 matrisomeassociated proteins. Of interest, the majority of proteins (48 out of 59; 81%) annotated in this study as matrisome-associated proteins, according to Hynes and colleagues classification, had not been annotated as ECM proteins by gene ontology analysis in the original study ( Figure 3A , Supplementary Table 1 ). A similar reanalysis of the brain microvessels data set yielded only 43 ECM proteins, including 24 core matrisome proteins and 19 matrisome-associated proteins, suggesting that the proteomic coverage in this data set is incomplete ( Figure 3B , Supplementary Table 2 ). A comparison of matrisome proteins from the two brain vessel data sets revealed that 24 ECM proteins were common to both pial arteries and brain microvessels. Interestingly, half of the 24 shared proteins are core components of the BM (see next section). A comparison of matrisome proteins in pial arteries with those in lung and colon samples (identified by at least two peptides) 17 revealed that a majority of ECM proteins in the pial artery data set (90 out of 150; 60%) have a tissue-specific expression. Conversely, only 35 out of 269 (13%) ECM proteins are found in all three tissues ( Figure 3C ). 
The Basement Membrane: A Key Specialized Form of Extracellular Matrix at the Interface Between the Vessel and Brain Parenchyma
On electron micrographs, all BMs are classically described as composed of a 50-to 100-nm-thick electron-dense layer (lamina densa) separated from the plasma membrane by an electron-lucent layer (lamina lucida). However, when tissues are processed by freeze substitution, the BM appears as a fairly uniform lamina densa that closely follows the contours of the plasma membrane, suggesting that the electron-lucent layer is a dehydratation artifact. 27 All BMs are composed of a common set of interacting proteins, including at least one member of the laminin family, one or more variants of type IV collagens, heparan sulfate proteoglycans, and nidogens. 28 Laminins. Laminins are large (400 to 800 kDa), crossshaped heterotrimeric molecules consisting of , , and chains joined through a long coiled-coil domain. There are five chains, four chains, and three chains; the laminin molecules are named according to their chain composition, and a total of 16 chain combinations have been characterized biochemically. 29 The laminin chains carry the major domains that interact with cellular receptors and are considered the functionally active portion of the heterotrimer. Moreover, chains have tissue-specific expression patterns. In cerebral blood vessels, laminin 1 is associated with the pia matter and the glia limitans, and is detected around pial and penetrating arteries but not around capillaries. 30 Laminin 2 is synthetized by astrocytes and deposited at the glia limitans, although it is unclear whether it is also synthesized by SMCs. 31 Laminin 4 and 5 chains are detected in the endothelial and smooth muscle BM of all cerebral blood vessels, with a discontinuous distribution at the level of venules. 32 These chains can assemble with 1 or 2 and 1 to form Laminins-111, -121, -211, -221, 411, -421, -511, and -521. Laminin 3 is not expressed in cerebral blood vessels. 10, 30 Type IV collagens. Type IV collagens, the most abundant constituent of the BM, comprise up to six genetically distinct chains designated 1(IV) to 6(IV); chains assemble with a remarkable specificity to form only three distinct heterotrimers, [ are triple-helical molecules that twist along their length and terminate in a globular noncollagenous (NC1) domain. The glycine residues within the characteristic Gly-X-Y repeats have a crucial role in helix formation and stabilization. 34 Heparan sulfate proteoglycans. Heparan sulfate proteoglycans are glycoproteins with the common characteristic of covalently attached chains of heparan sulfate, a type of glycosaminoglycan. Heparan sulfate proteoglycans present in the BM include perlecan, agrin, and type XVIII collagen, which are large secreted proteins composed of multiple, functionally independent domains. They bind to many growth factors, cytokines, chemokines, enzymes, enzyme inhibitors, and ECM proteins, usually with sulfated domains within heparan sulfate chains but also with the protein core. Perlecan, agrin, and type XVIII collagen can also undergo proteolytic processing to release bioactive molecules. 9 Nidogen-1 and -2 are sulfated monomeric glycoproteins that interact with a range of ECM proteins, in particular, laminins, collagen type IV, and perlecan. 35 Basement membrane assembly. The BM assembles through a multistep process that is initiated by the binding of laminin to cell-surface proteins such as integrins and dystroglycan, promoting laminin polymerization and allowing recruitment of other laminin binding components into the nascent laminin scaffold. Laminin is the only component that is critical for early embryonic BM assembly. 36, 37 Type IV collagen polymerizes to form a second covalently stabilized network that is considered to provide structural stability to the BM. The laminin and type IV collagen networks are linked by heparan sulfate proteoglycans 38 and nidogens. 29 This scaffold then provides specific sites at which many other BM constituents interact to generate a fully functional BM.
Familial small vessel disease caused by mutations in genes encoding matrisome proteins Collagen Type IV-Related Small Vessel Disease Pathogenic mutations in COL4A1 and COL4A2. As noted above, COL4A1 and COL4A2 are members of the core matrisome and major components of nearly all BMs, including those of pial and brain microvessels. Dominant mutations in COL4A1 or COL4A2 are associated with typical features of cSVD and a broad range of other disorders that most commonly involve the brain and eyes, but also affect the kidney and skeletal muscle, in both humans and mice. 39 Cerebral SVD manifestations consist of microhemorrhages and macrohemorrhages that can occur at virtually every age, patchy to diffuse leukoaraiosis, dilated periventricular spaces and, less frequently, small deep infarcts. Other brain features are porencephaly and schizencephaly, which typically manifests in infants with epilepsy, motor deficits or psychomotor retardation. 40 Common eye features consist of dysgenesis of the anterior segment (cornea, iris, ciliary body, and lens), including Axenfeld-Rieger anomaly, congenital cataract, and juvenile-onset glaucoma. 2 Although there are no reported neuropathologic studies of patients with COL4A1 or COLA2 mutations, electron microscopy analyses of skin or kidney biopsies have shown focal defects of the BMs of vascular and epithelial cells, including areas of fragmentation, duplication, and even herniation. 41 Similar defects have been described in the BM of cerebral blood vessels from Col4a1 þ/Áex41 mice, a well-characterized mouse model that expresses a mutant collagen alpha-1(IV) chain with a 17-aminoacid in-frame deletion. 42, 43 A large proportion of COL4A1 and COL4A2 mutations are missense mutations resulting in the substitution for one of the invariant glycine residues within the Gly-Xaa-Yaa repeats in the collagenous domain of 1 or 2 chains. 39 Expression of COL4A1 and COL4A2 mutations is extremely variable, even between members of the same family, with part of this variability apparently related to genetic-context and environmental factors. Accumulating evidence in humans and mice suggests that allelic heterogeneity also contributes to this variable expression. 43, 44 Specifically, in humans, mutations clustered within 31 amino-acid residues in the N-terminus of the collagenous domain of COL4A1 are associated with a clinical subentity called HANAC (Hereditary Angiopathy with Nephropathy, Aneurysms, and Cramps)-a syndrome characterized by co-association of arterial aneurysms and eye, kidney, and skeletal manifestations. 41 In mice, mutations within the triple-helical domain nearer the carboxy terminus are associated with more severe intracerebral hemorrhages than mutations nearer the amino terminus. 43 Collagen type IV-related small vessel disease: a basement membrane disease? The -chain stoichiometry of collagen type IV predicts that heterozygous COL4A1 and COL4A2 mutations result in the production of 75% and 50% abnormal collagen IV molecules, respectively, a prediction that is consistent with the observation that COL4A2 mutations result in a disease of reduced severity compared with COL4A1 mutations. 45 Several lines of evidence suggest that the pathogenicity of COL4A1 and COL4A2 mutations arises from a reduced incorporation of collagen IV in the BM. First, cells stably expressing mutant COL4A1 have reduced secretion of 1 (IV) chain as well as 2 (IV) chain, and the same holds true for cells expressing mutant COL4A2. 39 Second, deposition of collagen 1 and 2 (IV) is almost absent in the Reichert's membrane, a BM of embryonic origin, in embryos homozygous for the Col4a1Áex41 mutation. 46 Also, Col4a1 þ/Áex41 mice have reduced extracellular COL4A1 in the BM of retinal vessels, but increased intracellular retention of COL4A1 in vascular cells. 43 Third, an apparent lack of expression of mutated COL4A1 transcript has been documented in the fibroblasts of affected patients from two families carrying a frameshift and a splice site COL4A1 mutation, respectively, because of nonsense-mediated mRNA decay. 47 However, the lack of an overt clinical phenotype in mice heterozygous for null alleles of Col4a1 and Col4a2 suggests that haploinsufficiency may not solely account for the disease phenotype. 48 One possibility is that mutant molecules may reach the extracellular space and exert a dominant-negative effect over the various partners of collagen IV that could also compromise BM integrity and, in addition, promote abnormal cellmatrix and cell-cell interactions.
Collagen type IV interacts with all three main components of the BM, namely laminin, perlecan, and nidogen. Collagen type IV-like perlecan and nidogens are dispensable for initiation of BM assembly, but are required for maintaining BM integrity. [48] [49] [50] Immunohistochemical analyses of embryos completely lacking COL4A1 and COL4A2 show reduced deposition and a patchier distribution of laminin and nidogen. 48 Whether similar effects occur in patients and mice with COL4A1 or COL4A2 mutations has yet to be investigated. The role of the BM, especially that of collagen type IV, in brain vessels is essentially unknown. Nevertheless, a recent analysis of mice lacking laminin chains provides some clues. In mice with ablation of astrocytic laminin 1, astrocytic endfoot (parenchymal) BM formation is disrupted, the blood brain barrier (BBB) is profoundly altered and multifocal hemorrhages develop in deep brain regions. Mechanistic studies show that loss of astrocytic laminin 1 impairs SMC differentiation, with decreased expression of contractile proteins in small arteries and arterioles in deep brain regions, impaired pericyte differentiation, loss of astrocytic endfeet polarity, and a reduction in endothelial tight junction protein expression. 51, 52 Mice with constitutive inactivation of laminin 2 chain (dy3K/dy3K), 53 which die at 4 weeks of age, exhibit breaches in the parenchymal and endothelial BM and have profound alterations in BBB development and function with limited pericyte coverage, poorly polarized astrocyte endfeet, and immature endothelial tight junctions. 54 It is tempting to speculate that COL4A1 mutations might similarly affect key components of the gliovascular unit.
Collagen type IV also participates in cell-matrix interactions via cell-surface receptors; specifically, it binds to integrins containing a 1 subunit, notably 11 and 21. 55 Remarkably, HANAC syndromeassociated COL4A1 mutations are clustered within 30 amino-acid residues in the N-terminus of the collagenous domain, which contains a major integrin binding site. 56 Interestingly, loss of Integrin 1 in SMCs results in progressive smooth muscle degeneration and increased deposition of fibrillary collagens in the tunica media. 57 Moreover, mice with postnatal inactivation of Integrin 1 in endothelial cells exhibit junctional defects in the endothelium, loss of vascular integrity and brain hemorrhages. 58 Another possibility besides defects of the BM and cell-matrix interaction, suggested by both in vitro and in vivo data, is that COL4A1 or COL4A2 mutations promote intracellular retention of unfolded or misfolded mutant 1 and 2 chains and activate the unfolded protein response. 43, 45, 59 Prolonged endoplasmic reticulum stress can eventually trigger cell death, oxidative stress, or potentially elicit an inflammatory reaction. 60, 61 Interestingly, Gould and colleagues recently showed in a proof of concept study that treating Col4a1 þ/Áex41 mice with an FDA-approved chaperone (Sodium 4-phenylbutyrate) could decrease intracellular COL4A1 accumulation and, notably, reduce intracerebral hemorrhage severity. 43 
CARASIL

Pathogenic mutations in HTRA1
HTRA1 is a 50-kDa secreted protein composed of a signaling peptide, an insulin growth factor binding domain, a Kazal-like protease inhibitor domain, a conserved serine protease domain, and a PDZ domain. HTRA1, classified as an ECM regulator in the matrisome-associated category, has been reported to be widely expressed, although a detailed analysis of its expression pattern in the brain has not yet been performed. Proteomic studies indicate that HTRA1 is expressed in brain vessels, with higher expression in pial arteries than in brain microvessels. 25, 26 Recessive mutations in HTRA1 cause CARASIL, a rare SVD initially reported in Japanese families. Clinical landmarks include cognitive deficit, motor dysfunction, and subcortical stroke leading to dementia and severe disability in the fourth decade, in association with diffuse alopecia and attacks of severe low back pain due to spondylosis deformans and disk degeneration. 62 Microvascular changes in CARASIL consist of extensive loss of SMCs and deposition of fibro-hyaline material in the media, fibrous intimal proliferation, and splitting and fragmentation of the internal elastica lamina, with many vessels ultimately developing a double-barreled or split-wall appearance. 63 To date, very few mutations have been reported; these include homozygous nonsense mutations as well as homozygous missense mutations in the serine protease domain, resulting in the loss of HTRA1 protein expression or protease activity. 64 CARASIL: Dysregulation of transforming growth factor-signaling?
Although it has been shown that HTRA1 is involved in various pathologic conditions in addition to CARASIL, its physiologic role remains unclear. HTRA1 possesses serine protease activity, and a variety of potential substrates have been identified. 65 Members of the transforming growth factor-(TGF-) signaling pathway have received particular attention, but experimental studies have generated conflicting results. Early studies reported that HTRA1 inhibited TGF-family members, showing that the inhibitory effects on TGFsignaling required the proteolytic activity of HTRA1. 66 Subsequent studies suggested that HTRA1 antagonizes TGF-signaling by cleaving pro TGF-1 intracellularly in the reticulum endoplasmic, 67 or by cleaving type II and type III TGF-receptors extracellularly. 68 These findings, combined with immunohistochemical analyses of postmortem brain samples from two CARASIL patients, led to the hypothesis that CARASIL is associated with upregulation of TGFsignaling in cerebral vessels. 67 However, these earlier studies were not without limitations, especially their use of cells that vastly overexpressed HTRA1. Recently, Beaufort and colleagues revisited this issue using embryonic fibroblasts from HTRA1-null mice and in vitro assays using physiologic quantities of HTRA1. Remarkably, they came to very different conclusions. Specifically, they provided evidence that HTRA1 has a facilitating role in TGF-pathway activation, and that LTBP1 (latent TGF-binding protein 1), an ECM protein with a key role in TGF-bioactivation, 69 is a physiologic target of HTRA1. 70 Further studies are warranted to confirm these results in brain vessels, especially since the levels of active TGF-, which is itself a matrisome protein, are tightly controlled by a number of matrisome proteins and the composition of the matrisome is unique to each tissue.
There is ample evidence that TGF-signaling has a key role in vessel development and maintenance, acting in both endothelial and SMCs. Moreover, both upand downregulation of this pathway have been implicated in several vascular pathologies. 71 For example, hereditary hemorrhagic telangiectasia, or Osler-Rendu-Weber syndrome, is caused by loss-offunction mutations in members of the TGF-pathway.
However, enhanced TGF-signaling has emerged as the common final pathway in the pathogenesis of familial forms of thoracic aortic aneurysm. 72 Whether dysregulated TGF-signaling contributes to the cerebrovascular manifestations of CARASIL has yet to be investigated.
Perturbations of the matrisome as a possible proximate cause in familial small vessel disease CADASIL Early perturbations of the cerebrovascular matrisome. CADASIL is an archetypal SVD, considered the most frequent hereditary cSVD. 73 The disease is caused by dominant mutations in NOTCH3, a heterodimeric receptor predominantly expressed in vascular SMCs that is a critical regulator of developmental formation of small arteries. 74 The pathology of cerebral vessels is roughly similar to that of sporadic forms of SVD except that CADASIL is characterized by the presence of pathognomonic deposits of granular osmiophilic material within the BM of SMCs and pericytes that can protrude into the interstitial tissue around these cells. 73 The majority of CADASIL mutations are missense mutations that lead to the gain or loss of a cysteine residue in the NOTCH3 extracellular domain (Notch3 ECD ). 75, 76 Regardless of whether they concomitantly impair NOTCH3 receptor activity, these mutations alter Notch3 ECD itself in a way that promotes its multimerization and aberrant accumulation in granular osmiophilic material. 77 Importantly, vascular Notch3 ECD and granular osmiophilic material deposits have emerged as the earliest pathologic features in patients and mice with CADASIL. 78 Recently, we showed that excess levels or multimerization of mutant Notch3 ECD facilitates interactions with key components of the cerebrovascular ECM and promotes their accumulation and sequestration in Notch3 ECDcontaining deposits. Among these components are the metalloproteinase inhibitor TIMP3, a matrisomeassociated regulator that modifies the ECM, and vitronectin, a glycoprotein of the core matrisome. Both TIMP3 and vitronectin have been shown to abnormally accumulate in the brain vessels not only of patients but also of preclinical models, at an early stage of the disease. Moreover, we found evidence for increased TIMP3 activity in brain microvessels from both TgNotch3 R169C mice, a well-established preclinical model of CADASIL, and patients with CADASIL. 77 Other ECM proteins, such as clusterin, endostatin (a proteolytic fragment derived from collagen XVIII), and LTBP1, have been shown to accumulate in Notch3 ECDcontaining deposits in patients with CADASIL. 79, 80 However, these latter proteins appear to accumulate at a later stage of disease progression (AJ, unpublished). 77
CADASIL: Cerebrovascular dysfunction arising from a change in the matrisome?
These matrisome changes may affect the BBB; however, it is yet unclear whether BBB disruption has a role in the pathogenesis of CADASIL. Histopathologic studies on human postmortem tissues showed focal breaches of the BBB at the sites of microbleeds or infarcts, but no evidence of generalized BBB leakage at this end stage of the disease. 81 Moreover, immunohistochemical and transmission electron microscopy analyses, as well as systemic injections of fluorescent tracers failed to reveal alterations of the BBB integrity in TgNotch3 R169C mice (JR and AJ, unpublished data). 82, 83 However, CADASIL patients exhibit alterations in cerebral hemodynamics and cerebrovascular reactivity. 73 Studies of CADASIL mouse models suggest that cerebrovascular dysfunction is an early disease mechanism in the pathophysiology of CADASIL. 78 Specifically, cerebral blood flow autoregulation and functional hyperemia are impaired and myogenic responses of pial and parenchymal arteries are reduced in TgNotch3 R169C mice. 82, 84 A recent study from Dabertrand and colleagues suggests that increased TIMP3 activity might be a proximate cause of cerebrovascular deficits in this preclinical model of CADASIL. TIMP3 is the only TIMP that becomes tightly bound to the ECM after secretion and is thus in a position to exert tissue-specific effects. 85, 86 Notably, TIMP3 is the only TIMP that can inhibit TACE (tumor necrosis factor--converting enzyme), which mediates ectodomain shedding of transmembrane receptors and ligands, including tumor necrosis factor-and ligands of the epidermal growth factor receptor family (EGFR). 87 Specifically, Dabertrand et al. 84 showed that reduced myogenic responses of pial and parenchymal arteries in the TgNotch3 R169C mice were caused by functional upregulation of Kv1 channels at the plasma membrane of arterial SMC, and further showed that these defects could be rescued by applying the EGFR agonist HB-EGF. Given that activation of EGFR with the agonist HB-EGF has been reported to suppress KV1 channel activity in cerebral arteries by enhancing KV1 channel endocytosis, 88 we speculate that increased TIMP3 activity may lead to decreased myogenic tone in brain arteries by reducing TACE/HB-EGF/EGFR-mediated K V channel endocytosis and increasing Kv channel activity.
The TIMP3 dysregulation may also contribute to small vessel pathology through its well-known MMP inhibitory activity, and abnormally elevated TIMP3 activity may lead to vessel fibrosis. Also, several reports have shown that high levels of TIMP3 are proapoptotic in a variety of cell types, including vascular SMCs, and the importance of TIMP3 has been shown in inflammatory pathologies and autoimmune diseases. 86, 89 Additional studies are warranted to test these hypotheses and investigate whether and how other perturbations of the matrisome, such as the abnormal accumulation of vitronectin, contribute to CADASIL pathophysiology.
FOXC1-Associated Small Vessel Disease
Pathogenic mutations in a transcription factor expressed in blood vessels. Autosomal-dominant mutations or genedosage changes, including deletions or duplications, in FOXC1 result in a variety of malformations in the anterior ocular segment that ultimately lead to glaucoma and malformations of the cerebellar posterior fossa. 90, 91 Recently, French et al. 3 reported that patients with FOXC1-attributable Axenfeld-Rieger syndrome have a higher incidence of stroke and highly penetrant magnetic resonance imaging features of cSVD, including white-matter hyperintensities, dilated perivascular spaces, and lacunes. 3 FOXC1, a member of the forkhead family of transcription factors, has a broad expression pattern and regulates, in a dosedependent manner, an array of fundamental processes, including the early development of the heart, blood vessels and somites, as well as ocular and genitourinary systems. 92, 93 FOXC1 is expressed in the pericytes and endothelial cells of blood vessels in the brain, and in the periocular mesenchyme of the eye. In the mouse, conditional deletion of Foxc1 in pericytes produces multifocal brain microhemorrhages toward the end of gestation, preceded by focal breakdown of BBB integrity and hyperplasia of both endothelial cells and pericytes, suggestive of increased angiogenic activity. 94 Furthermore, conditional deletion of Foxc1 in neural crest cells, which give rise to most of the periocular mesenchyme, phenocopies the eye anomalies associated with the human disease Axenfeld-Rieger syndrome, notably including corneal angiogenesis; by contrast, the normal cornea is avascular. 95 
FOXC1 mutations and the matrisome?
At first glance, there is no overt relationship between FOXC1 mutations and the matrisome. Nevertheless, studies in neural crest-deleted Foxc1 À/À mice provide one possible mechanistic link between matrisome perturbations and the vascular phenotype induced by FOXC1 mutations. Specifically, Seo et al. 95 found that expression of the MMPs, MMP3, MMP9, and MMP19-all ECM regulators of the matrisomeassociated category-is increased in the cornea of neural crest-deleted Foxc1 À/À mice. Notably, these data suggest that the increased expression of MMPs, which are known to cleave and release ECM-sequestered vascular endothelial growth factor and enhance vascular endothelial growth factor bioavailability, 96 is likely a contributing factor to the enhanced angiogenesis in the cornea of mutant mice. A second clue comes from experiments in zebrafish, where knockdown of Foxc1 produces similar eye abnormalities and brain hemorrhages. 97 Interestingly, loss of foxC1 leads to focal disruptions of vascular BM integrity, with impaired expression of laminin 1-1-1. These findings have led us to speculate that FOXC1-related cSVD manifestations actually arise from vascular BM defects through deregulation of the availability of growth factors.
Matrisome changes in sporadic small vessel disease: Consequent pathologic findings or proximate cause? Pathologic Findings
Cerebrovascular changes associated with age and vascular risk factors are commonly referred to as hyalinosis, fibrohyalinosis, or fibrinoid necrosis, although the meanings of each of these terms are somewhat different. 98 A closer look at histopathologic data reveals that vessel changes consist of major alterations of the ECM associated with a more or less severe degeneration of SMCs from the tunica media, with or without exudation of plasma proteins within the vessel wall. Changes of ECM may range from thickening of the BMs, splitting and duplication of the elastic lamina and, notably, marked deposition of normally occurring types of collagens and possibly other components of the ECM in the intima, media, and adventitia. 99, 100 That said, it is difficult to draw conclusions about the primary site and mechanism of these ECM changes since they are postmortem observations at the end stage of the disease. In particular, it is conceivable that all or part of the increased ECM deposition is a compensatory response to SMC degeneration that serves as a repair mechanism.
Matrisome Changes: Proximate Cause?
The microvascular changes in CARASIL or CADASIL are generally considered to be qualitatively similar to those observed in sporadic SVD; however, the reverse is also true, meaning that specific perturbations of the matrisome can produce such vascular lesions. Moreover, experimental studies examining the effects of aging and arterial hypertension-the two most important risk factors for cSVD-have highlighted vascular ECM changes at the early stage of the disease in mouse or rat models. During aging, cerebral arterioles undergo SMC atrophy and exhibit an increase in the ratio of nondistensible (collagen and BM) ECM to distensible (smooth muscle and elastin) components. 101 Hypertension commonly produces narrowing of the arterial lumen (inward remodeling), especially at the level of small distal arteries, with or without medial thickening (hypertrophy). Inward remodeling has been extensively documented in both peripheral and cerebral arteries, and angiotensin II has been shown to have a key role in this effect. 102, 103 Inward remodeling is thought to result from both changes in SMC contractility and in ECM composition, with a potential contribution of MMP activation. 104 Reorganization of the ECM, with an increase in deposition of collagens and fibronectin in the tunica media, an increase in collagen-to-elastin ratio, and disorganization and fragmentation of elastic fibers, has been clearly documented in the peripheral arteries of models with chronic hypertension. 105 However, evidence of ECM changes at the level of brain arteries remains scarce, 106, 107 although it should be noted that this aspect has been so far poorly investigated.
The dominant view is that arterial remodeling during chronic hypertension represents both an adaptive process that reduces stress on the vessel wall and protects the downstream vascular bed from increased arterial pressure, and a deleterious process that ultimately results in arterial stenosis and stiffness, which may contribute to reductions in resting cerebral blood flow, impaired vasodilation, and increased susceptibility to ischemic injury. 108 Increased deposition of ECM in cerebral vessels, whether proximate cause or consequent pathologic finding, is likely to contribute to the long-term deleterious effects of hypertension.
Concluding remarks
Cerebral SVD is a heterogeneous group of disorders that are likely multifactorial in nature with different ultimate causes acting through specific pathways. Nevertheless, with recent advances in identifying major genetic causes and pathophysiologic mechanisms of familial cSVD has come the emerging view that perturbation of the cerebrovascular matrisome could be a convergent pathway that drives the functional and structural alterations of small brain vessels and disease manifestations. Specifically, in collagen type IV-related SVD and CARASIL, genetic alterations of a matrisome protein are clearly the primary event. In CADASIL and FOXC1-related SVD, the data suggest that specific perturbations of the matrisome are the proximate cause. Importantly, studies in animals and humans support the possibility that this may also apply to age-and hypertension-related SVD. Despite these provocative connections, a better characterization of matrisome alterations using more sensitive tools and further experimental studies are needed to strengthen the link between matrisome alterations and cSVD.
Though unexplained, it is not unusual for mutations in a gene with a vascular expression broader than the brain, for example NOTCH3, to lead to a brainrestricted phenotype. Also, within the brain, it is essentially unknown why lesions of cSVD predominantly affect small penetrating arteries and parenchymal arterioles, particularly in the deep cerebral white matter. The vessel-specific expression pattern of the matrisome may hold the key to these unanswered questions. Every organ has an ECM with a unique composition, and it is very likely that brain and peripheral arteries have distinct matrisomes. On the basis of a preliminary characterization of the matrisome of pial arteries and brain microvessels, it is tempting to speculate that penetrating arteries, intraparenchymal arterioles, and brain capillaries also harbor unique repertoires of matrisome proteins. Moreover, unlike pial arteries, penetrating and parenchymal arterioles are bottlenecks of flow in the cerebral angioarchitecture. 109 Therefore, it is conceivable that lesions could affect brain vessels with a specific spatial pattern if expression of a specific set of matrisome proteins is required for the pathogenic process. Accordingly, identification of those matrisome proteins with a vesselspecific expression pattern might provide insight into differential manifestations of vascular pathologies.
A significant proportion of matrisome proteins is presumably expressed within the vascular BM, especially at the capillary level. The BM is located at the interface between endothelial cells, contractile cells (SMCs and pericytes), and astrocyte endfeet-a very strategic location within the gliovascular unit. Therefore, changes in the composition of the BM are in a position to exert profound effects on all components of the gliovascular unit as well as on the brain parenchyma itself that may account for the broad range of manifestations in cSVD.
In conclusion, the ECM of cerebral blood vessels is a key component of the gliovascular unit that warrants greater research attention in the future, in both physiologic and pathologic settings.
